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H-204145 

A COGENERATION SYSTEM FOR A FUEL CELL 

TECHNICAL FIELD 

This invention relates to a fuel cell system having a component 
that utilizes shaft work. 



10 BACKGROUND OF THE INVENTION 

Alexander Grove invented the first fuel cell in 1839. Since then 
most of the fuel cell development has been primarily limited to applications 
supported by the government such as the United States National Aeronautics 
and Space Administration (NASA), or in utility plants. However, recent 

15 developments in materials of construction and processing techniques have 

brought fuel cell development closer to significant commercial applications. A 
primary advantage of fuel cells is that fuel cells can convert stored energy to 
electricity with about 60-70 percent efficiency, with higher efficiencies 
theoretically possible. Further, fuel cells produce virtually no pollution. 

20 These advantages make fuel cells particularly suitable for vehicle propulsion 
applications and make fuel cells a potential replacement for the internal 
combustion engine which operates at a less than 30 percent efficiency and can 
produce undesirable emissions. 

A fuel cell principally operates by oxidizing an element, 

25 compound or molecule (that is, chemically combining with oxygen) to release 
electrical and thermal energy. Thus, fuel cells operate by the simple chemical 
reaction between two materials such as a fuel and an oxidant. Today, there 
are variety of fuel cell operating designs that use many different fuel and 
oxidant combinations. However, the most common fuel/oxidant combination 

30 is hydrogen and oxygen (usually in the form of air). 

In a typical fuel cell, hydrogen is burned by reacting the 
hydrogen with oxygen from air to produce water, electrical energy and heat. 
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This is accomplished by feeding the hydrogen over a first electrode (anode), 
and feeding the oxygen over a second electrode (cathode). The two electrodes 
are separated by an electrolyte which is a material that allows charged 
molecules or "ions" to move through the electrolyte. There are several 
5 different types of electrolytes that can be utilized including the acid-type, 

alkaline-type, molten-carbonate-type and solid-oxide-type. The so-called PEM 
(proton exchange membrane) electrolyte (also known as a solid polymer 
electrolyte) is an acid-type, and potentially has high-power and low-voltage, 
and thus are desirable for vehicle applications. 
10 Although compressed or liquefied hydrogen could be used to 

operate a fuel cell in a vehicle, to date this is not practical. The use of 
t > compressed or liquefied hydrogen ignores the extensive supply infrastructure 

Q currently being used to supplying gasoline for internal combustion engine 

P 

□ automobiles and trucks. Consequently, it is more desirable to utilize a fuel 

^ 15 source such as methanol or gasoline to provide a hydrogen source for the fuel 
I cell. However, the methanol or gasoline must be reformed to provide a 

* hydrogen gas source. This is accomplished by using methanol or gasoline fuel 

p i processing equipment and hydrogen cleanup or purification equipment. 

Fuel cell systems often include a fuel processing section which 
Q 20 reforms a fuel, preferably an organic based fuel such as methanol or gasoline, 
to produce hydrogen and a variety of other byproducts. However, these 
reforming processes are endothermic and require energy input to drive the 
reforming reaction. This energy input and the breakdown of the fuel during 
the reforming process increases the pressure of the reformer exhaust. As a 
25 result, after the hydrogen stream exits the reformer and when it is delivered to 
the fuel cell, the hydrogen stream is under pressure at about 3 bars. 

Consequently, both sides of the above described fuel cell 
membrane must have the same pressure. Otherwise, the membrane would 
flex back and forth, and the catalyst on the membrane that is used to reduce 
30 hydrogen molecules would be damaged resulting in poor performance or 



failure of the system. Thus the oxidant or air being supplied to the fuel cell 
stack must be compressed to the same pressure as the hydrogen stream. 

Additionally, other fuel cell processing components such as 
preferential oxidation reactors may require compressed air to operate. These 
compressed air requirements are a significant drain on the fuel cell system. 
Approximately 10 percent of the power generated by the fuel cell stack goes 
back into compressing air under most of the current fuel cell systems. Thus it 
would be desirable to develop a system which reduced the amount of 
electricity utilized to run air compressors in a fuel cell system. 

The present invention provides alternatives to and 
advantages over the prior art. 

SUMMARY OF THE INVENTION 

The invention includes a fuel cell system and process using a 
Rankine cycle to produce shaft work to operate a fuel cell system component. 
The shaft work may be used to drive an air compressor to deliver compressed 
air to a fuel cell system component. The steps of the Rankine cycle include 
pumping a liquid working fluid to an elevated pressure, heating the fluid to a 
gaseous state, expanding the high temperature and high-pressure gas through 
expander to produce shaft work used to drive a fuel cell system component 
such as an air compressor, and then removing energy from the cooling fluid 
gas to change the gas back to a liquid, and repeating the cycle. The liquid 
fluid can be heated by an external boiler, or one of the components of the fuel 
cell system such as a combustor or the fuel cell stack. 

In a preferred embodiment, the invention includes a fuel cell 
system and process that utilizes a fuel cell to co-generate electricity and shaft 
work. The system utilizes waste thermal energy, generated by a fuel cell 
stack, to produce shaft work that can be used to drive an air compressor. The 
air compressor compresses process air needed by the fuel cell stack or other 
fuel cell system components. To accomplish these tasks a Rankine cycle is 



used in the cooling system of the fuel cell stack to recover the waste thermal 
energy. 

In comparison to traditional methods of cooling the fuel cell 
stack, the present invention allows for a reduction in the ancillary power 
5 equipment, a decrease in the size of the cooling system, and a method of the 
heating the stack in cold start conditions. The system converts the low-grade 
thermal energy produced by the fuel cell stack to shaft work, and then uses the 
shaft work to compress and move process air needed by the fuel cell stack. 
As a result, the electrical motor used to compress process air in conventional 
10 systems is displaced, and the size of the stack can be reduced because the 
electricity requirement of the conventional air compressor it is eliminated. 
The size of the cooling system is reduced by the amount of energy converted 
to shaft work. The net result of these two features is a reduction in the size of 
cooling system radiators, a concern with conventional cooling systems. 
15 Another benefit of the present invention is that the system may 

be used heat the fuel cell stack in cold start conditions. The system directs the 
coolant through a supplemental boiler/super heater when the system is below a 
predetermined temperature. The supplemental boiler/super heater heats the 
cooling fluid which in turn heats the fuel cell stack. This greatly reduces the 
20 startup time of the system. 

These and other objects, features and advantages of present 
invention will become apparent from the following brief description of 
drawings, detailed description of preferred embodiments, and appended claims 
and drawings. 
25 BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a schematic illustration of a fuel cell system and 
process flow according to the present invention; and 

Figure 2 is a temperature vs. entropy diagram for the two phase 
thermal management system according to present invention. 

30 



DESCRIPTION OF PREFERRED EMBODIMENTS 
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Figure 1 illustrates a fuel cell process, system and components 
useful in the present invention. A water stream 44 from a water source such 
as a water reservoir or holding tank 46 is supplied to a vaporizer 48. A fuel 
stream 50 from a fuel holding tank 52 is also delivered to the vaporizer 48. 
5 Preferably the fuel stream 50 is an organic based fuel such as methanol or 
gasoline. The fuel and water are vaporized together and a resulting vaporized 
fuel/water stream 53 is delivered to a reaction vessel 54, which may in this 
case be used to perform a fuel reformation process. 

Of course the present invention can be utilized with a variety of 

10 different systems besides the fuel reformation process described hereafter. 
The present invention can be utilized in any system that delivers a fuel to a 
fuel cell stack for conversion into electricity. For example, the present 
invention can be utilized with a pure hydrogen system. In such a case, the 
fuel and water tanks 52, 56, vaporizer 48, reaction vessel 54 and hydrogen 

15 purification section 58 shown in Figure 1 may be eliminated. It may be 

desirable to utilize the combustor 41 even with a pure hydrogen system. Pure 
hydrogen can be delivered to the combustor, from a suitable source such as a 
liquid hydrogen tank, and combusted therein to provide startup heat. 
Alternatively, anode exhaust from the fuel cell stack may be delivered to the 

20 combustor to produce heat at startup of the fuel cell system. In another 
alternative embodiment, an electrical motor may be utilized to startup the 
pump 102 and/or air compressor 21. The following detailed description of a 
fuel reformation process is only one of many embodiments contemplated as 
useful with the present invention. 

25 The reformation process effluent stream 56 may contain 

hydrogen molecules (H 2 ), CO, C0 2 and hydrocarbons (or organic based 
molecules). The reforming process effluent stream 56 may be delivered to a 
hydrogen purification section 58 to reduce the concentration of CO and/or 
hydrocarbons. The hydrogen purification section 58 may include any of a 

30 variety of components for purifying the reformation process effluent stream 
56. These purification components may include preferential oxidation 
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reactors, reactors to shift the equilibrium of the stream 56 constituents (thus 
reducing the concentration of CO), additional hydrocarbon reforming 
components, separators, adsorbers and similar equipment. Eventually, a 
hydrogen rich stream 60 is delivered to the fuel cell stack 10. Fuel cell stacks 
5 useful in the present invention are known to those skilled in the art, and for 
example, one such fuel cell is disclosed in the Assignee's co-pending patent 
application entitled "Multiple Stage Combustion Process to Maintain a 
Uniform Reformation Temperature Profile" by William H. Pettit, Attorney 
Docket number H-203484, the disclosure of which is hereby incorporated by 
10 reference. 

Both hydrogen 60 and oxygen 22 (in the form of air) are 
supplied to the fuel cell 10 in excess to provide the greatest rate of reaction 
possible. The hydrogen gas stream 60 will usually be under pressure of about 
3 bars (3 x 10 5 newtons per square inch or almost 3 atmosphere) if it is 

15 produce from a hydrocarbon reformation reaction (although the system may 
use other pressures). Therefore the oxygen stream 22 must be compressed - 
(pumped up) to the same pressure to avoid damage to the fuel cell proton 
exchange membrane and the catalyst thereon. To accomplish this, an air 
compressor 21 is utilized. An excess oxygen stream 42 and excess hydrogen 

20 stream 40 (effluent or tail gas) from the fuel cell stack 10 may each be 

delivered to a combustor 41. A heat exchanger 43 may be connected to the 
combustor 41 and may include lines 45, 47 to transfer heat to a variety of 
components such as the reaction vessel 54 and vaporizer 48. Excess water 
from the fuel cell may be discharged to the atmosphere or delivered via line 38 

25 to the water holding tank 46. 

As described earlier, traditional fuel cell systems utilized a 
substantial amount of electricity to run the air compressor needed to supply 
compressed air 22 to the fuel cell stack 10. The present invention utilizes a 
Rankine cycle to recover waste thermal energy generated by the fuel cell stack 

30 10 and to generate shaft work to drive a fuel cell system component such as 
the air compressor 21 as described hereafter. 
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A Rankine cycle as used in the present invention starts by 
delivering a relatively low pressure, low temperature cooling (working) fluid 
stream via line 100 to a pump 102 that increases the pressure of the cooling 
fluid. Any of a variety of cooling fluids suitable for a Rankine cycle under the 
5 operating condition of a fuel cell system are contemplated. A suitable cooling 
fluid should not freeze or boil in the vehicle environmental exposure 
temperature range of -25 to 125 degrees Celsius. Further, a suitable cooling 
fluid produces a substantial amount of work under the operating conditions of 
the vehicle and the Rankine cycle. Many organic cooling fluids meet both of 
10 these requirements. For example, a suitable the cooling fluid is R114 
(CC1F 2 CC1F 2 ). 

The high-pressure cooling fluid stream leaves the pump 102 via 
line 104 and is delivered to a thermostatic valve (TXV) 105. The thermostatic 
valve 105 varies the cooling fluid flow rate to ensure that the fuel cell stack 

15 temperature remains within a predetermined operating range, usually between 
75-85 degrees Celsius during the post startup operation. The high-pressure 
cooling fluid is delivered via line 107 to a fuel cell stack cooling mechanism 
300 which typically includes a manifold connected to the bipolar plates of the 
fuel cell stack 10. A serpentine cooling fluid flow path is provided through 

20 the center of each bipolar plate (also not shown) where, during the startup 
phase, the cooling fluid actually warms up the fuel stack components and 
reactants. A typical fuel cell stack cooling mechanism is disclosed in Spear 
Jr., et al United States patent number 5,863,671, issued January 26, 1999, the 
disclosure of which is hereby incorporated by reference. The high-pressure 

25 cooling fluid is then delivered from the fuel cell stack 10 via line 109 to a 
supplemental boiler/super heater 111. Preferably, the supplemental 
boiler/super heater 11 1 is a heat exchanger that utilizes the combustion 
exhaust 39 from a combustor 41 to heat the cooling fluid both during startup 
and post startup operation. After exiting the supplemental boiler/super heater 

30 111 the combustion exhaust may be discharged to the atmosphere via line 115. 
After the cooling fluid is heated by the supplemental boiler/super heater 111, 
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the cooling fluid is delivered down stream via line 1 13 to an 
accumulator/dehydrator (A/D) 112. The accumulator/dehydrator 112 separates 
the gaseous coolant from its liquid. The accumulator/dehydrator 112 also acts 
a refrigerant reservoir, has charging connections, works as a buffer to smooth 
5 out transient changes due to load variations, and has a desiccant to absorb any 
moisture present so as to prevent damage to the fuel cell stack 10 under 
freezing conditions. 

The gaseous cooling fluid exits the accumulator/dehydrator 112 
via line 114 and is delivered to an expander 116 that expands the high 

10 temperature, high pressure fluid to produce shaft work. A shaft connection 
118 couples the expander 116 and the air compressor 21 together so that the 
shaft work produced by the expander 116 drives the air compressor 21. The 
high temperature, low pressure gaseous cooling fluid exits the expander 116 
via line 122 and enters a condenser /heat exchanger 124 that condenses the 

15 cooling fluid vapor to a liquid. However, during startup conditions, fans in 
the condenser/heat exchanger 124 are not turned on so that the cooling fluid 
remains warm. After the fuel cell stack 10 has reached a predetermined 
temperature suitable for post startup operation, fans in the condenser/heat 
exchanger 124 are turned on to condense the cooling fluid gas to a liquid. The 

20 heat removed from the high temperature, low pressure cooling fluid by the 
condenser or heat exchanger 124 may be utilized to pre-heat the fuel before 
the fuel enters the reaction vessel 54. The low pressure, low temperature 
cooling fluid exits the condenser 124 via line 100 to the pump 102 to start the 
cycle over again. 

25 Under some operating conditions, the fuel cell stack 10 may not 

produce sufficient waste heat to completely vaporize all of the cooling fluid. 
In this case, the supplemental boiler/super heater 111 provides additional heat 
to completely vaporize all of the cooling fluid liquid, and preferably provides 
sufficient heat to super heat the cooling fluid gas to an elevated temperature. 

30 As indicated earlier, an electrical motor may be utilized to drive the pump 
102 and/or air compressor 21 during startup. 



Referring again to Figure 1, in a manner known to those skilled 
in the art, a controller 200 may be provided and may include a master 
processing unit, sub-processing unit, ROM, RAM, input/output unit 
processing unit (not shown). The controller 200 may be in communication 
with and operatively connected to various components of the fuel cell system 
including the pump 102, thermostatic expansion valve 105, expander 116, air 
compressor 21, condenser 124 and actuators, drivers and sensors (not shown) 
for the same to control these components based upon input signals 
corresponding to monitored process conditions. 

Figure 2 is a temperature-entropy phase diagram for a cooling 
fluid undergoing an organic Rankine cycle according to the present invention. 
The Rankine cycle during post startup operating conditions consists of the 
following process steps: 1) the reversible adiabatic pumping process in the 
pump 102 is represented by points 1-2 on the phase diagram; 2) the constant 
pressure transfer of heat from the fuel cell stack 10 to the cooling fluid which 
is not completely vaporized is represented by points 2-3 on the phase diagram; 
3) the constant pressure transfer of heat from the supplemental boiler/super 
heater 1 1 1 to completely vaporize all of the cooling fluid liquid is represented 
by points 3-4 on the phase diagram; 4) the super heating of the cooling fluid 
gas, by super heater 111, to an elevated temperature is represented by points 
4-4' on the phase diagram; 5) the reversible adiabatic expansion of the cooling 
fluid gas in the expander/turbine 116 is represented by points 4 '-5 on the 
phase diagram; and 6) the constant pressure transfer of heat from the cooling 
fluid gas in the condenser 124 to convert the gas to liquid is represented by 
points 5-5 '-1 on the phase diagram. The shaft work produced by the 
expander/turbine 116 is a difference in the enthalpy (enthalpy is not shown in 
Figure 2) of the cooling fluid at points 4' and 5. The shaft work produced is 
greater than the work (difference in the enthalpy between points 1-2) required 
to pump the liquid cooling fluid to an elevated pressure. A substantial portion 
of the heat input to vaporize the cooling fluid liquid is waste heat from the fuel 
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cell stack 10. As a result, net work is produced by incorporating a Rankine 
cycle in a fuel cell system. 

Referring again to Figure 2, during startup conditions the cycle 
includes the following steps: 1) the reversible adiabatic pumping process of 
5 the liquid in the pump 102 is represented by points 1-2 on the phase diagram; 
2) the constant pressure transfer of heat from the heat exchanger supplemental 
boiler/super heater 111 to vaporize at least a portion of the liquid and provide 
a saturated liquid is represented by points 2-3 on the phase diagram; 4) the 
expansion of the cooling fluid in the expander/turbine 116 is represented by 
10 the dotted line between points 3-5' ; and 5) the transfer of heat from the vapor 
to warm up the fuel cell stack 10 is represented by points 5*-l. The use of an 
M organic Rankine cycle at startup allows for the saturated liquid to be expanded 

-f to a dry saturated vapor. This allows for the cold startup two-phase expansion 

CI] to be completed to dry exhaust without producing condensation that can be 

|4 15 damaging to the expander/turbine. 

The present invention provides advantages over the prior art 
s and particularly over prior art systems using other methods for cooling the 

III fuel cell stack. These advantages include the reduction in auxiliary power 

H requirements, a decrease in the size of cooling system, and a means for 

|§ 20 heating the fuel cell stack in cold startup conditions. The present invention 

converts the low-grade thermal energy produced by the fuel cell stack to shaft 
work, and then uses the shaft work to compress and move process air. As a 
result, the electrical motor used to compressed process air in conventional 
systems is displaced, and the size of the fuel cell stack can therefore be 
25 reduced. The size of the cooling system is also reduced by the amount of 
energy converted to shaft work. The net result of these features is the 
reduction in the size of the cooling system, a common concern with 
conventional cooling systems 



